Young stars are mostly found in dense stellar environments, and even our own Solar system may have formed in a star cluster. Here, we numerically explore the evolution of planetary systems similar to our own Solar system in star clusters. We investigate the evolution of planetary systems in star clusters. Most stellar encounters are tidal, hyperbolic, and adiabatic. A small fraction of the planetary systems escape from the star cluster within 50 Myr; those with low escape speeds often remain intact during and after the escape process. While most planetary systems inside the star cluster remain intact, a subset is strongly perturbed during the first 50 Myr. Over the course of time, 0.3% − 5.3% of the planets escape, sometimes up to tens of millions of years after a stellar encounter occurred. Survival rates are highest for Jupiter, while Uranus and Neptune have the highest escape rates. Unless directly affected by a stellar encounter itself, Jupiter frequently serves as a barrier that protects the terrestrial planets from perturbations in the outer planetary system. In low-density environments, Jupiter provides protection from perturbations in the outer planetary system, while in high-density environments, direct perturbations of Jupiter by neighbouring stars is disruptive to habitable-zone planets. The diversity amongst planetary systems that is present in the star clusters at 50 Myr, and amongst the escaping planetary systems, is high, which contributes to explaining the high diversity of observed exoplanet systems in star clusters and in the Galactic field.
INTRODUCTION
It is commonly accepted that a large fraction of stars in the Galaxy hosts one or more planetary companions (e.g., Mayo et al. 2018; Thompson et al. 2018) ; and even binary star systems are known to host exoplanets (Gould et al. 2014) . As most stars form in clustered environments (e.g., Lada & Lada 2003) , close stellar encounters with proto-planetary Contact e-mail: flammini.francesco@xjtlu.edu.cn † Contact e-mail: t.kouwenhoven@xjtlu.edu.cn ‡ Research Fellow at Frankfurt Institute for Advanced Studies (FIAS) disks and young planetary systems may leave an imprint on the much older population in the Galactic neighbourhood. In recent decades, the possible relationship between planetary systems and star clusters was gradually recognised. As a result of the rapid advances in observational techniques, over 4100 exoplanets have now been identified in 3057 extra-solar planetary systems, among which 667 are multi-planetary systems 1 . To fully understand the origin and dynamical evolution of planetary systems, it is necessary to carefully study the effect of their environments, i.e., that of the star-forming region in which they form and spend the first million years, and that of the Galactic field, the open cluster, or the globular cluster in which they may spend the billions of years that follow.
The current paradigm for the formation of stars suggests that stars are formed in groups in gaseous environments, which are similar to, but slightly less massive and concentrated, than the progenitors of the longer-lived open clusters. Most of these young groups of stars disperse within 10 − 50 Myr, after which their member stars become part of the field star population, while others remain bound for hundreds of millions to billions of years (e.g., de Grijs et al. 2008; de Grijs 2009 ). In such clustered environments, protoplanetary disks may be perturbed following encounters with neighbouring stars (e.g., Thies et al. 2005; Olczak et al. 2012; Portegies Zwart 2016; Vinncke & Pfalzner 2018) . In many dense star forming molecular clouds, however, the fraction of stars with proto-stellar disks depends more sensitively on the stellar age rather than on the dynamical properties of their host clusters (Hillenbrand 2005) . Isotope analysis in meteorites has shown that the proto-planetary disk of our Sun was polluted by a nearby supernova (e.g., Hester et al. 2004; Looney 2006) . This suggests that even our own Solar System may have formed in a clustered stellar environment, in a star cluster of size rvir = 0.75 ± 0.25 pc, together with 2500 ± 300 other stars (Adams 2010; Portegies .
Modelling the evolution of planetary systems in star clusters remains a challenge, as the numerical noise in a star cluster simulation can be comparable to the precision required to accurately model the evolution of a planetary system: the relative energy error necessary for accurate integration of the planetary systems is over five orders of magnitude smaller than that for the stars (see, e.g., Cai et al. 2017) . Different approaches have been taken to overcome this challenge, including (i) modelling the evolution of single-planet systems using the existing binary regularisation methods in N -body codes; (ii) using scattering experiments to model the evolution of multi-planet systems; and recently (iii) using full N -body simulations of planetary systems in star clusters, under the assumption that the stellar dynamics is unaffected by the planetary bodies.
Stellar encounters lead to the disruption of planetary systems and the presence of free-floating planets in star clusters. With sufficiently high velocities, these free-floating planets can immediately escape from the star cluster (Wang et al. 2015a) . Alternatively, these free-floating planets gradually migrate to the outskirts of the cluster where they may be stripped off by the Galactic tidal field, or re-captured by other stars (e.g., Perets & Kouwenhoven 2012) . Spurzem et al. (2009) provide a comprehensive analysis of the evolution of star-planet systems in star clusters. They compare numerical results obtained using two approaches, NBODY6++ (Spurzem 1999 ) and a hybrid Monte Carlo code (Spurzem & Giersz 1996; Giersz & Spurzem 2000 , and find that their outcomes are consistent with those of theoretical estimates. Their star clusters contain 19 000 equal-mass stars, of among which 1000 host a single planet. Differential cross sections for changes in the orbital elements of the star-planet binaries are obtained, and the regimes for the strengths of the stellar encounters are identified. The study of Spurzem et al. (2009) provides a framework for studying planetary systems in star clusters. Important limitations include the lack of a stellar mass spectrum, the absence of stellar binaries, and the absence of multi-planet systems. Zheng et al. (2015) used NBODY6 to study the evolution of single-planet systems in multi-mass open star clusters of different degrees of initial substructure, total initial masses, and initial virial ratios, and find analytical prescriptions for the retention rate of planetary companions and free-floating planets as a function of initial semi-major axis and cluster properties. Fujii & Hori (2019) followed a similar, but more comprehensive approach, and focus on planets in the Pleiades, Hyades and Praesepe clusters. These star clusters are thought to have formed from highly-substructured star forming regions (e.g., Fujii et al. 2012; Sabbi et al. 2012; Fujii & Portegies Zwart 2015) . The authors study single-planet systems in orbit around Solar-like stars, and find that planets with initial semi-major axes of ap = 10 − 100 AU have a relatively high probability of being ejected from their host systems. They find an escape probability of pesc ∝ a −0.76 p , which is consistent with the findings of Zheng et al. (2015) . Planets with ap > 100 AU are unlikely to have survived until the present day in these star clusters.
Further progress in modelling multi-planet systems in star clusters was made by Shara et al. (2016) , who evolve two-planet systems in star containing 18 000 single stars and 2000 binary systems. In each model, 100 stars in the mass range 0.5−1.1 M are assigned two planets with semi-major axes of 5.2 AU and 9.5 AU, respectively. They use NBODY6, and evolved the planetary systems while making use of the three-body stability criteria algorithms of Mardling (2008) and Aarseth (2010) . They find that, over the course of billions of years, the innermost planet has a probability of 1.5% of evolving into a hot Jupiter, i.e., that dynamical interactions with neighbour stars can provide a viable formation mechanism for at least a subset of the hot Jupiters discovered in star clusters. Pu & Lai (2018) take an alternative approach to modelling two-planet systems in star clusters. They carry out simulations using REBOUND (Rein & Liu 2012) and compare these results to hybrid secular equations. Their approach contributes to our understanding of the origin of super-Earths and sub-Neptunes in general, and the Kepler-11 system in particular, and explains why systems with multiple transiting planets appear to be dynamically colder than those with a single transiting planet.
The two-body and three-body approaches described above allow accurate modelling of small planetary systems in star clusters, but in the case of more than two planets the classical star cluster simulation codes are not appropriate. One approach to overcome these limitations is to separate the evolution of the star cluster and the planetary systems, under the assumption that the presence of planets does not affect the dynamics of the stars. With this in mind, Hao et al. (2013) studied the evolution of multi-planet systems in star clusters using scattering experiments. The CHAIN package (Mikkola & Aarseth 1993 ) was used to carry out the planetary system integrations during a stellar encounter, integrating multi-body star encounters, and MERCURY6 (Chambers 1999) was used for the planetary integration during the intermittent periods. The stellar encounter properties were drawn from analytic distributions appropriate for each star cluster. Hao et al. (2013) modelled different realisations of planetary systems containing four gas giants, and find that the lower-mass planets (Saturn, Uranus, and Neptune) are affected by both stellar encounters and planet-planet interactions, while the more massive planet Jupiter, when perturbed, is almost exclusively perturbed by stellar encounters. Malmberg et al. (2007) and Malmberg et al. (2011) model the evolution of multi-planet systems in star clusters through recording all close stellar encounters in a modified version of NBODY6, and subsequently carrying out simulations of perturbed planetary systems using MERCURY6, they identify the effects of stellar fly-by's on planetary systems containing the Solar system's four gas giants, and determine survival rates and the timescales after which a close stellar encounter may trigger a planetary instability.
Substantial progress was made by Cai et al. (2017 Cai et al. ( , 2018 Cai et al. ( , 2019 , who carry out full N -body simulations of multi-planet systems in star clusters. Cai et al. (2017) model open star clusters with planetary systems containing Solar-type stars with five equal-mass planets separated by 10 to 100 mutual Hill radii. They find that, although most planetary systems retain their planets, stellar encounters and planet-planet interactions can trigger substantial perturbations in the orbital eccentricities and inclinations, which can lead to decay of the planetary system. Cai et al. (2018) and Cai et al. (2019) take a similar approach, and identify how the signatures of the parental star cluster may affect the observed characteristics of exoplanet systems in the Galactic field.
In this paper we carry out simulations of multi-planet systems similar to our own Solar system in star clusters, in order to deepen our understanding of the evolution of perturbed unequal-mass planetary systems, and its implications for planets in the habitable zone. We use the LonelyPlanets code (e.g., Cai et al. 2017; Flammini Dotti et al. 2018) , which combines the planetary systems N -body evolution code RE-BOUND (Rein & Liu 2012) with the NBODY6++GPU (Wang et al. 2015b ) star cluster evolution code in the AMUSE multi-physics environment (Portegies Zwart 2011; McMillan et al. 2012; Pelupessy et al. 2013; Portegies Zwart & McMillan 2018) . This paper is organised as follows. In Section 2 we introduce our numerical method and the initial conditions. In Section 3 we describe our results, and place these into the context of star cluster evolution and close stellar encounters. Finally, we present our conclusions and discussion in Section 4.
METHOD AND INITIAL CONDITIONS

Initial conditions -star clusters
Our models represent open clusters containing N = 500 − 10 000 stars. The initial conditions for these models are summarised in Table 1 . We draw stellar positions and velocities from the Plummer (1911) model with an initial virial radius of rvir = 1 pc, corresponding to an initial half-mass radius of r hm ≈ 0.77 pc. We study models with different initial virial ratios Q = |T /U | where T is the cluster total kinetic energy and U is the total gravitational energy of the star cluster. Stellar masses are drawn from the Kroupa initial mass distribution (Kroupa 2001) in the mass range M * = 0.1 − 25 M , and are assigned a Solar metallicity. We adopt an external tidal field corresponding to the Solar orbit in the Milky Way. We do not include primordial binaries, we assume that the Table 1 . Initial conditions for the star clusters: the model ID (column 1, using the syntax C-Q-Ns), the cluster initial number of stars (column 2), the initial total star cluster mass (column 3), the initial virial ratio (column 4), the initial crossing time and the initial half-mass relaxation time (columns 5 and 6), and the number of planet-hosting stars realisation of the star cluster model (column 7). star clusters are not rotating, and we ignore the presence of any gas remaining from the star-formation process. All models are evolved for t = 50 Myr. We analyse how the evolution of planetary systems depends on time, on the initial number of cluster members, and the on the initial virial ratio of the star cluster. As all clusters initially have the same size, the initial number of cluster members, N = 500, 5000, and 10 000, respectively, determines the initial stellar density, ρ ∝ N , which in turn affects the rate at which planetary systems experience encounters. The choices for the initial virial ratio (Q = 0.4, 0.5, and 0.6) correspond to clusters that are contracting, in virial equilibrium, and expanding, respectively. The latter values are motivated by various computational and observational studies of young star-forming regions (e.g., Goodwin & Whitworth 2004; Girichidis et al. 2012; Parker et al. 2014) . We simulate an ensemble in order to reduce statistical errors.
Model
Initial conditions -planetary systems
Our purpose is to model the evolution of Solar system analogs in star clusters. For this purpose, we identify the set of N hosts cluster members with masses nearest to 1 M as planet-hosting stars. The resulting host star masses all have masses in the range [0.93, 1.03] M . Each host star is assigned to a planetary system similar to our own Solar System. For reasons of accuracy and computational cost, we have excluded Mercury, Venus, and the minor Solar-system bodies. The latter bodies have a small affect on the dynamical evolution of the more massive bodies. We adopt the present-day masses and orbital elements of the six planets in our model (Earth, Mars, Jupiter, Saturn, Uranus, and Neptune) as our initial conditions.
Numerical method
Planetary systems and star clusters are very different dynamical systems, and modelling their evolution thus requires a different numerical approach. Planetary systems are AUscale hierarchical few-body systems, whereas star clusters are parsec-scale non-hierarchical many-body systems. The orbital periods of planets vary from hours to several hundred years, whereas the crossing timescale of star clusters are typically in the order of a million years. A simulation of planetary systems is generally considered satisfactory when the relative energy error is ∆E/E 10 −10 whereas for star cluster simulations this criterion is usually relaxed to ∆E/E 10 −5 (see, e.g., Cai et al. 2017) . The latter limit is often adopted when the Hermite scheme is used to integrate star clusters; it is however not fundamental to the scheme itself, which can be used to obtain accuracies of ∆E/E < 10 −10 (see, e.g., Kokubo et al. 1998; Yoshinaga et al. 1999) , and thus is sufficient for integrating isolated planetary system using the Hermite scheme as well (see, e.g., Mikkola & Aarseth 1998) .
For this reason we combine two separate numerical integrators in order to calculate the dynamical evolution of planetary systems in star clusters. We follow the numerical approach of Cai et al. (2017) . This methodology can be summarised in four steps: (i) initialisation of the star clusters and planetary systems; (ii) numerical modelling of the evolution of the star cluster; (iii) identifying the close encounters experienced by the planet-hosting stars; and (iv) modelling the evolution of the planetary systems under the influence of these stellar encounters.
We use NBODY6++GPU (Wang et al. 2015b; Wang et al. 2016) to model the evolution of the stellar population in the star clusters. NBODY6++GPU is based on the earlier Nbody codes NBODY6 (Aarseth 1999) and NBODY6++ (Spurzem 1999) , but the main difference is its ability to use graphical processing units (GPUs). The parallelisation is achieved via MPI (Message Passing Interface) (Tapamo 2009 ), where both regular and irregular forces are parallelised. The GPU implementation in NBODY6++GPU provides a significant acceleration, especially for the long-range (regular) gravitational forces. Stellar evolution is modelled following the models of Hurley et al. (2000 Hurley et al. ( , 2002 Hurley et al. ( , 2005 using their algorithms for single stellar evolution (Hurley et al. 2013a ) and binary stellar evolution (Hurley et al. 2013b) , and fallback and kicks for the formation of stellar remnants is modelled using the prescriptions of Belczynski et al. (2002) .
The simulation data are stored in the HDF5 format (see, e.g., Portell de Mora et al. 2011), which is a highly efficient storage scheme that can be used for reconstructing the dynamical properties of the star clusters with high temporal and spatial accuracy for further analysis (Cai et al. 2015) .
We use the approach described in Cai et al. (2017) to model the evolution of the planetary systems in RE-BOUND (Rein & Liu 2012) , by including the tidal force of the nearest neighbour to each planetary system at any time. The GPU-accelerated pseudo-gravitational dynamics interface h5nb6xx (Cai et al. 2017 ) loads the output data stored in the HDF5 files. Subsequently, h5nb6xx loads the snapshots at two adjacent times during integration, while the particle states are interpolated in parallel on the GPU using a set of seventh-order septic splines. Finally, REBOUND transfers the perturber data to h5nb6xx and vice-versa, and the planetary systems are evolved until the simulation ends.
As the star cluster evolves, stars can escape from the cluster through tidal evaporation or dynamical ejection. Following Aarseth (2010), we identify stars with a clustercentric radius of r > 2r tidal as escapers, where r tidal is the tidal radius of the star cluster. We follow the approach Cai et al. (2017) for the identification of planets escaping from their host star: a planet is considered as an escaper when its eccentricity (relative to the host star) is sufficiently large (e > 0.995). Due to current limitations of the code, we do not follow the further evolution of free-floating planets in this study. Physical collisions may occur when two bodies in a planetary system experience a sufficiently close approach. Whenever the distance between two bodies is smaller than the sum of their radii, the two bodies merge. In such events, the two bodies are replaced by a merger product with a position and velocity of the centre of mass of the two bodies, and a mass equal to that of the sum of the masses of the two bodies.
RESULTS
In this section we describe the star clusters evolution, the close encounters properties that affect planetary systems, and the planetary systems evolution. Unless mentioned otherwise, we describe results for our reference model C051E4.
Star cluster evolution
The dynamical evolution of star clusters is primarily characterised by the crossing time (tcr), the half-mass relaxation time (t rh ), the mass segregation timescale (tms), the stellar evolution timescale, and by the Lagrangian radii relative to the tidal radius (r tidal ). The crossing time corresponds to the time in which a star with a typical velocity travels through the cluster under the assumption of virial equilibrium:
(e.g., Spitzer 1987; Lamers et al. 2005; Binney & Tremaine 2008) . Here, r hm is the half-mass radius, G is the gravitational constant, and M cluster the total mass of the star cluster. The half-mass relaxation time corresponds to the time over which the cumulative effect of stellar encounters on the velocity of a star becomes comparable to the star's velocity itself:
(e.g., Spitzer 1987; Khalisi et al. 2007 ). The parameter Λ depends on the stellar density distribution in the cluster (see Spitzer 1987) , and a value of Λ = 0.4 Ns is often considered appropriate for intermediate-mass star clusters. Finally, the mass segregation time scale (or energy equipartition timescale) describes how fast energy is exchanged between stellar population of different masses (see, e.g., Spurzem & Takahashi 1995; Mouri & Taniguchi 2002 ). This energy exchange results in the gradual migration of massive stars to the cluster core, and of low-mass stars to the outskirts of the star cluster. The mass segregation timescale is proportional to the relaxation time, (Khalisi et al. 2007) , where m is the stellar mass under consideration, and m is the average stellar mass. The relevant dynamical timescales are listed in Table 1 , and the evolution of the Lagrangian radii of cluster model C051E4 is shown in Figure 1 . Any spatial or kinematic substructure is removed on the order of several crossing times, and the clusters also obtain a state of virial equilibrium on these timescales (e.g., Allison et al. 2009 ). The clusters expand on the order of an initial half-mass relaxation time, resulting in the cluster members to escape. At the same timescale, more massive stars sink to the centre, while lowermass stars tend to migrate to the outskirts. Stellar evolution also affects the star cluster at a similar timescale, and reduces the mass spectrum and the gravitational potential of the cluster. The latter leads to an expansion of the cluster and a reduction of the tidal radius, which facilitates additional escape beyond the tidal radius, which is r tidal = 25.5 pc for our reference model C051E4.
Escaping stars can be roughly categorised into two categories: (i) the high-velocity single stars or binaries ejected from the cluster core (e.g., Gvaramadze et al. 2009 ), and (ii) the stars evaporated from the star cluster outskirts. The properties of the escaping stars in model C051E4 are shown in Figure 2 . As the cluster expands and fills its Roche lobe during its first ∼ 10 Myr, the tidal field gradually strips off stars from its outskirts. The first stars escape at t ≈ 10 Myr, followed by a nearly constant escape rate for the remaining simulation time. Escape velocities range from near-zero to roughly 10 km s −1 . As the star cluster's mass decreases following stellar evolution and escape of cluster members, the gravitational potential is reduced and consequently the typical escape velocity decreases slightly over time. Among the escapers are several planet-hosting stars. During the early phases of evolution, these planetary systems remain mostly intact, while at later stages, high-velocity escaping planetary systems tend to be perturbed (see below).
Stellar encounters
We model the evolution of the planetary systems under the influence of the tidal force of neighbouring stars. As the tidal force on a planetary system decreases strongly with distance, r, between the host star and the neighbour star (∝ r −3 ), we The initial three-dimensional velocity dispersion at the half-mass radius is 3.6 km s −1 for this model.
only model the effect of the nearest neighbour, following the approach of Cai et al. (2017) . As we do not include primordial stellar binaries in our simulations, and as stellar binary formation through capture is rare, the trajectory of (almost) all neighbouring stars can be approximated with hyperbolic orbits. In reality, small deviations may be present due to (i) the presence of the other stars in the cluster, and to (ii) the gravitational pull of the other planets in the planetary system. In most cases, however, these two contributions can be neglected, and a hyperbolic trajectory is a good approximation during each close encounter.
Quantifying the effect of stellar encounters
Consider a close encounter between a neighbouring star with mass mn, and a host star with mass m h that hosts a planet of mass mp m h . The total energy of such a close encounter
where m hp = m h + mp, µ = m hp mn(m hp + mn) −1 is the reduced mass, and r rel and v rel are the relative position and velocity, and G is the gravitational constant. The two principal parameters that describe the trajectory are the hyperbolic semi-major axis,
and the hyperbolic eccentricity,
Long before the encounter occurs, the relative velocity-atinfinity, v∞, is
and the impact parameter b of the encounter is
The closest approach distance between the two stars (the periastron distance) is evaluated as p = |a|(e − 1), and the velocity during periastron passage is
The strength of a stellar encounter on a planetary orbit is determined by the time-dependent distance of the perturber, the perturber mass, and the semi-major axis of the planet. The encounter strength parameter, kp, is often used for characterising the effect of a close encounter on a binary system (see, e.g., Heggie & Rasio 1996; Roy & Haddow 2003; Heggie 2006; Spurzem et al. 2009 ):
Here we have added a subscript to indicate the dependence on semi-major axis. The approximation in the right-hand side of Eq. (10) is valid for equal-mass stars (m hp ≈ mn). For a given stellar encounter, the kp parameter decreases with the planetary semi-major axis as kp ∝ a
. Smaller values of kp imply a stronger effect of the encountering star on the planetary system. Different planets experience difference encounter strengths. For example, for a given stellar encounter, the kp parameter for Earth is roughly a factor 165 larger than that of Neptune.
The effect of different stellar encounters on a planetary can be compared using (i) the tidal encounter strength, (ii) the hyperbolic eccentricity of the orbital trajectory of the encountering star, and (iii) the duration of the encounter. These parameters can be expressed using the encounter strength parameter kp and the dimensionless relative velocity-at-infinity,ṽ∞,
(cf. Heggie 2006; Spurzem et al. 2009 ). Tidal encounters cause weak, long-lasting perturbations on a planetary system, while for impulsive encounters, the interaction timescale is strong, and usually shorter than the planetary orbital period. When p ap the regime is tidal and when p ap is impulsive. Setting p = ap in Eq. (10) gives the condition
where the approximation is valid for encounters between equal-mass stars (m hp ≈ mn). Encounters with hyperbolic eccentricity e > 1 are hyperbolic, while those with e = 1 are parabolic. Following Heggie (2006) we distinguish nearparabolic (1 < e < 2) from hyperbolic orbits (e 2). Inserting e = 2 in Eq. (7) and substituting the resulting expression for v∞ in Eq. (11) gives
where the approximation on the right-hand side is obtained using Eq. (10) for the case when the host star and the encountering neighbour are of equal mass (m hp ≈ mn). Finally, a comparison between the encounter timescale and the orbital timescale defines the adiabatic and non-adiabatic regimes. When the duration of the stellar encounter is much longer than the planetary orbital period, the encounter is adiabatic, and otherwise it is non-adiabatic. When equating the timescale of close approach, p/vp, to the orbital timescale, ap(Gm hp /a) −1/2 , Eq. (11) gives
for the boundary that separates adiabatic and non-adiabatic encounters. In the case of equal-mass stars (m hp ≈ mn), the above expression reduces to the curve shown in figure 1 of Spurzem et al. (2009) . When expressed in terms of kp, the criterion separating these regimes is described by the curvẽ
which, in the case of nearly equal-mass stars, reduces tõ
We remind the reader that the analysis above was developed under the assumption that only three bodies are involved in the interaction. In our study, this is in the majority of the cases a good assumption, i.e., in those cases where (i) gravitational planet-planet interactions can be ignored during the encounter, and (ii) the tidal influence of the other cluster member stars is small compared to that of the encountering stars.
Analysis of stellar encounters
The encounter properties experienced by a typical planetary system in star cluster model C051E4 are illustrated in Figures 3, 4 , and 5. Encountering stars with small values of p, vp,ṽ∞, and kp are typically the most effective perturbers, but uncommon.
During the first relaxation time, the average periastron distance slightly increases due to expansion of the star cluster. The planetary system illustrated in Figure 3 experiences several epochs of durations 1 − 5 Myr in relative isolation, while orbiting in the star cluster outskirts. The instantaneous hyperbolic periastron distance varies between 10 AU (during a close encounter) and 10 6 AU (the size of the star cluster halo). Note that the values illustrated in this figure represent the values of p as calculated for the hyperbolic en- Figure 5 . The distributions of the encounter strength parameter k of the nearest stellar encounters versus time, experienced by planetary system P010 in model C051E4, for the planets Earth (top) and Neptune (bottom). The black curve separates the tidal (right) and impulsive (left) encounters, the blue curve separates the hyperbolic (above the curve) and near-parabolic encounters (below the curve), and the green curve separates adiabatic (right) and non-adiabatic (left) encounters. The curves are obtained from the properties of individual stellar encounters. The different colours indicate the distribution density, with the most frequent encounters indicated in red.
counter at each time; this does not necessarily imply that all neighbour stars reach the periastron distance in their approach, as they can be perturbed by other neighbouring stars.
The distribution over hyperbolic periastron distance and periastron velocity for the same system is shown in Figure 4 . For an encounter of the host star system (m hp ≈ 1 M ) with typical neighbour star of mass mn ≈ 1 M , Eq. (9) reduces to vp ≈ (3GM/p) −1/2 , so that vp/ km s −1 ≈ 73 (p/AU) −1/2 . As most encounters have a periastron distance in the range of 10 4 −10 5 AU (Figure 3 ), stars typically experience periastron velocities of 0.2 − 0.8 km s −1 during their encounter, as shown in Figure 4 . The curve for e = 2 is shown in Figure 4 , for encounters between equal-mass stars. The encounters below this curve are near-parabolic (1 < e < 2). As mentioned above, not all neighbours complete their hyperbolic orbit while in near the star, occasion-ally resulting in measurements of p and vp that are not realised. The data points in the upper-right region of the envelope result from unrelated flyby's while the host star resides in the outskirts of the star cluster.
The distribution over kp andṽ∞ is illustrated in Figure 5 for all close encounters with planetary system P010 in star cluster model C051E4, with the three curves separating different types of stellar encounters. The hyperbolic periastron distances are typically much larger than the planetary semi-major axis, so that almost all encounters in our simulations are tidal. Most encounters are hyperbolic, although the fraction of near-parabolic encounters is substantial. A large majority of the stellar encounters is adiabatic, but non-adiabatic encounters occasionally occur. Note that, when compared to the terrestrial planets, the outer planets experience more frequent non-adiabatic and impulsive encounters due to their larger semi-major axes. These outer planets experience stronger perturbations from neighbouring stars.
Planetary system evolution
Isolated planetary systems
Planetary systems evolve over time due to instabilities caused by internal and external effects. To distinguish between these two effects, we carry out simulations of isolated planetary systems for an identical simulation time (50 Myr) using REBOUND. The initial conditions for the planetary system is identical to those mentioned above, but with host star masses of 0.93 M , 1.0 M , and 1.03 M , encompassing the range of host stars masses in our star cluster simulations. The results are shown in Figure 6 , and indicate that there are no significant changes; the planetary system architectures remain unchanged for 50 Myr, apart from periodic secular evolution. The evolution seen for the planetary systems in the cluster is thus a direct or indirect result of close encounters with neighbouring stars and not related to internal perturbations as of the planetary system alone.
Survival rates of planetary systems in clusters
The local stellar density at a given time is the main factor that determines the encounter frequency and encounter properties, and hence the determining factor for the planetary escapes. Planets in the outer regions of the planetary system experience the strongest perturbations from encountering stars, as the have the largest semi-major axes and therefore the smallest values for kp. Jupiter and Saturn have the highest masses in the system, and are therefore the most stable against planet-planet scattering, although in some cases they also escape. In accordance to similar results for equal-mass systems (e.g., Cai et al. 2017) , our results show a tendency for wider-orbit planets to have lower survival rates, although a noticeable mass dependence on planetary mass is also seen. Figure 7 shows the fraction fp = Ne,p/Np among the ensemble of planets that experiences an escape event within t = 50 Myr, for star clusters with different initial conditions. Here, the subscript p refers to the planet for which the fraction is calculated, Ne,p is the number of planets that have escaped and Np is the total number of planetary systems in the ensemble of simulations. Figure 7 clearly shows the combined effect of mass and semi-major axis, and a strong correlation between neighbouring planets of similar mass, in particular for the star cluster of higher mass. Planetary siblings (Earth-Mars, Jupiter-Saturn, and Neptune-Uranus) exhibit similar trends, and this is a direct consequence of the effect of their masses.
The average probability for a planet to escape from its host star ranges from 0.3% for low-mass, super-virial star clusters to 5.3% for high-mass star clusters that start out in virial equilibrium. The most common types of escaper involves Uranus and Neptune. These escape events are either a direct consequence of a stellar encounter, or the indirect result of an encounter that induced a perturbation of Neptune's orbit and subsequent secular interactions with Uranus. The vast majority of escape events of the planets Earth and Mars are a consequence of Jupiter being directly perturbed by a close encounter with a neighbouring star, while only a small fraction of the planets Earth and Mars escapes as the result of an even closer encounter with a neighbouring star or an interaction with a perturbed outer planet. The survival rate of terrestrial habitable-zone planets can, Figure 7 . The fraction of planets that escapes from their planetary system through an during the first 50 Myr, for star cluster models with different initial masses and different virial ratios. The top, middle, and bottom panels show the results for models with Q = 0.4, 0.5, and 0.6, respectively. The different planets are indicated, from left to right, with dark blue (Earth), green (Mars), red (Jupiter), light blue (Saturn), purple (Uranus) and yellow (Neptune). Table 2 . The fraction of planetary systems that have escaped from the star cluster at t = 50 Myr, for all star cluster models.
Model
N = 500 N = 5000 N = 10 000 Q = 0.4 5.0 ± 3.9 % 0.0
−0.0 % 1.0 ± 0.7 % Q = 0.5 6.0 ± 4.2 % 0.8 ± 0.8 % 2.0 ± 0.9 % Q = 0.6 9.0 ± 5.7 % 3.2 ± 1.6 % 3.0 ± 1.2 % for Solar system-like architectures, thus be linked to properties of Jupiter-like planets at a larger semi-major axis.
Under otherwise identical conditions, star clusters that initialised in virial equilibrium are most hostile to the survival of planetary system, as compared to those with initial sub-virial and super-virial states. Star clusters that are virially cool or hot tend to evolve towards virial equilibrium within one or two crossing times. In both cases, this process results in an expansion of the cluster, which increases the half-mass relaxation time, reduces the close-encounter rates, and hence to some degree increases the survival rates of planetary systems.
Similar to the results of Hao et al. (2013) , we find no evidence for planet-planet collisions in our simulations. We observe several cases where a terrestrial planet merges with the host star; these all occur in the smaller (Ns = 500) star clusters. In each of these three cases, the merger results from orbital perturbations of the inner planets by Jupiter, typically several million years after a close stellar encounter has substantially altered the outer regions of the planetary system.
Escaping planetary systems
On several occasions, intact planetary systems escape from the star cluster, while most of the planet-hosting stars that escape from the cluster have strongly-perturbed planetary systems. The fraction of planet-hosting stars that escape from the star cluster during the first 50 Myr are listed in Table 2 for the different star cluster models. The fraction of escaping planetary systems decreases for larger N due to the longer relaxation time (e.g., Binney & Tremaine 2008; Lamers et al. 2005 ); see Table 1 . As mentioned in the previous section, star clusters that are initially sub-or super-virial tend to rapidly evolve towards virial equilibrium, and experience expansion in the process, which also increases the relaxation time and decreases the escape rate over longer periods of time. Note however, that for virially hot clusters, this initial evolution towards virial equilibrium also involves a rapid loss of stars (and planetary systems) in the outskirts of the star cluster at early times.
The results listed in Table 2 and corresponding trends should be interpreted with caution because of the small number of planetary system escape events. Higher escape rates are seen for super-virial star clusters (Q = 0.6), particularly during the first few million years. Whether or not a planetary system survives intact depends on the properties of close stellar encounter prior to, and during the escape event. Planetary systems that escape at earlier times, and those that escape with smaller speeds, tend to have a higher probability of escaping the star cluster intact (see also Section 3.4.3). Figure 8 shows the evolution of the bound number of planets, for cluster model C051E4, over time. This figure demonstrates the complexity of the evolution of unequal-mass multi-planet systems in star clusters. The rate at which the planets are removed from the planetary systems depends Table 3 . Fraction of escapers among all the planets that were initially present in the planetary systems anymore at time 50 Myr, for model C051E4.
Planetary system evolution
Time dependence
Planet
Escape fraction Earth 3.0 ± 1.2 % Mars 4.5 ± 1.5 % Jupiter 1.5 ± 0.9 % Saturn 5.0 ± 1.6 % Uranus 8.5 ± 2.0 % Neptune 8.0 ± 1.9 % All planets 5.3 ± 0.6 % Table 4 . The fraction of planetary systems with a certain number planets remaining in orbit around the star at time t = 50 Myr, for star cluster model C051E4. The majority of the planetary systems remain intact (6 planets), although they may be somewhat perturbed by encounters, while none of the planetary systems in this model lose all their planets.
Planets remaining Fraction 6 planets 88.5 ± 2.3 % 5 planets 5.0 ± 1.5 % 4 planets 1.0 ± 0.7 % 3 planets 0.0
−0.0 % 2 planets 2.5 ± 1.1 % 1 planets 3.0 ± 1.2 % No remaining planets 0.0 +0.7 −0.0 % on the semi-major axis, but, notably also on the planetary masses. The average escape rates of all planets are listed in Table 3 . As the star clusters expands over time (see Figure 1) , the escape rates drop. This transition is typically seen at a timescale comparable to the relaxation time (t ≈ 27 Myr for the models with Ns = 10 4 ). Among all modelled planets, Jupiter has the lowest probability of escape, as it is considerably more massive than the other planets. Jupiter can therefore only be strongly perturbed by external interactions (i.e., stars). Neptune and Uranus have the highest escape fractions, as they are more prone to external perturbations due to their large semimajor axes. Although Uranus has a smaller semi-major axis than Neptune, its lower mass makes it more prone to planetplanet scattering, and therefore the escape rate of Uranus tends to be slightly higher than that of Neptune. Saturn, although comparatively massive, experiences a somewhat higher escape fraction than Jupiter because of its wider orbit, and due to occasional scattering with Jupiter. The planets Earth and Mars rarely experience a strong perturbation by neighbouring stars. In addition, they are to some degree protected from perturbed planets in the outer region of the planetary system by Jupiter. In the vast majority of the cases where Earth or Mars are ejected, we see that these events are accompanied by a strong perturbation of Jupiter by neighbouring stars are earlier times.
As time passes, planetary systems may lose one or more planets through ejection. The number of planets remaining in orbit at t = 50 Myr ranges from zero (when all planets are ejected) to six (with all planets remaining in orbit). The distribution over the number of surviving planets at t = 50 Myr for model C051E4 is listed in Table 4 . As is illustrated in Figure 8 , a large majority of the planetary systems remain intact (although a fraction of the systems has their orbital configuration is altered). Planetary systems that have four or five planets remaining at the end of the simulations are almost exclusively those that have lost Neptune and/or Uranus after a close encounter with neighbouring star. When planetary systems only have one planet remaining at the end of the simulations, this planet is always Jupiter, and when two planets are remaining, these are always Jupiter and Saturn. Situations where all six planets are ejected are rare, as this requires Jupiter to be directly ejected through interaction with a stellar encounter (as planet-planet scattering is unable to provide Jupiter with enough momentum to escape). Such situations did not occur in model C051E4, but occasionally occur for other models (see, e.g., Section 3.4.3 and Appendix A). Due to the orbital architecture of the systems, it is unlikely to find planetary systems with three remaining planets, and we do not find such cases in any of our models. Such a situation would require one or more strong encounters (which would likely result in the ejection of Uranus and Neptune), and which would result in the ejection of only one of the other four remaining planets, while perturbing the remaining three planets only mildly. Such events regularly occur on equal-mass systems (see, e.g., Cai et al. 2018 ), but are highly unlikely in our case, where Jupiter and Saturn strongly interact, and where Jupiter's orbital evolution is strongly correlated with the survival chances of the inner planetary system.
Our simulations escape rate depends strongly on the semi-major axis, similar to the findings for the single-planet systems investigated previously by Zheng et al. (2015) and Fujii & Hori (2019) . Both studies find an escape rate that increases with increasing semi-major axis. Cai et al. (2017 Cai et al. ( , 2018 and van Elteren et al. (2019) find similar results for equal-mass multi-planet systems, with and without protoplanetary disks. In our simulations we find a roughly linear dependence on semi-major axis, but this dependence is not monotonic due to the presence of a mass spectrum amongst the planets. The outermost planets, Uranus and Neptune, differ in semi-major axis by almost a factor 50%, but they experience very similar escape rates due to their comparatively large semi-major axes. This behaviour is supported by Fujii & Hori (2019) , who also studied the behaviour of star-planet binaries with a > 10 AU.
Orbital elements evolution
The planetary escape rates are strongly correlated with the changes in the orbital elements of the planets in each system. Figure 9 shows the cumulative distribution the planetary semi-major axes, eccentricities, and inclinations after 50 Myr, for all star cluster models. The cumulative distributions are normalised to the initial number of planets (including the planets that may have escaped or merged with the host star at a later stage). Most planetary systems remain unperturbed, and the planets in these system retain their original orbital elements, apart from small changes due to secular evolution of the systems. In general, the largest changes in the orbital elements are seen for Uranus and Neptune, which indicates the effect of close stellar encounters. The changes in the remaining orbital elements are most notable in the planetary systems with Q = 0.5. As shown in many earlier works, the changes in eccentricity and inclination are substantially larger than those in semi-major axis.
The relations between the orbital elements of the re- maining planets at 50 Myr is shown in Figure 10 for model C051E4. All orbital elements change due to the combined effect of stellar encounters and planet-planet interactions. Changes in the semi-major axes are generally much smaller than changes in eccentricity and inclination, indicating that exchange of energy is less prominent than exchange of angular momentum. Occasionally, some planets (Uranus and Neptune in particular) obtain inclinations above the critical Kozai angle, or even obtain retrograde orbits.
Trends and notable planetary systems
We illustrate some of the most common types of evolution amongst planetary systems in our simulations in Figures 11-13 . Additional, higher-resolution figures are presented in Appendix A. These figures show the evolution of the orbital parameters, the distance between the planetary system and the star cluster centre, and the distance between the neighbourhood star and the planetary system. The top panels in Figure 11 show the evolution of the orbital semi-major axes and eccentricities of planetary system P194 in model C061E4. This planetary system experiences no disruptive stellar encounters, and all planets retain their original orbits. This system resides primarily in the outskirts of the star clusters, initially at a distance of 0.5 − 1.0 pc from the cluster centre, and after ≈ 20 Myr at a distance of 1.0 − 3.0 pc from the cluster centre. Due to the low stellar density in the halo, this system rarely experience a strong encounter. All encounters experienced by system P194 are tidal (k 1). At time t = 47.9 Myr, the closest encountering star has a mass of 0.14 M and approaches within a distance of 380 AU with a velocity of 3.8 km s −1 , with k parameters of 1875 and 128 for Jupiter and Neptune, respectively. Despite the relatively close approach, the low-mass neighbour star is unable to perturb system P194 significantly. As system P194 spends most time in the outskirts of the star cluster, encounters with neighbouring stars are thus relatively infrequent, and typically with lower-mass stars.
The bottom panels of Figure 11 illustrate a relatively common situation where close encounters substantially perturb the outer planetary system. Planetary system P161 in model C061E4 passes through the cluster three times during the first 5 Myr, during which the orbits of Uranus and Neptune are perturbed by frequent close encounters with stars approaching the system within 500 AU. Planet-planet scattering results in Uranus and Neptune to exchange orbits. Although planetary system P161 is ejected from the core into the the lower-density cluster halo, the interactions between Uranus and Neptune continues, and ultimately results in an ejection at 35 Myr. This system shows how planet-planet scattering can cause delayed ejections, tens of millions of years after a close encounter has occurred, which is consistent with the earliest findings of Malmberg et al. (2011) . During the time between the encounter and the ejection, the outer planets obtain eccentricities of up to e = 0.4 and therefore interact with both Jupiter and Saturn. Although the four innermost planets retain their original semi-major axes, their eccentricities are pumped up due to these encounters. Figure 12 shows two cases of planetary systems escaping from the star cluster: system P165 in model C061E4 (top panels) is disrupted before escaping, whereas system P191 in model C051E4 (bottom panels) retains intact while escaping from the star cluster. Both systems are initially located in the star cluster (P191 somewhat farther from the cluster centre than system P165), and both are ejected from the star cluster at around 5 Myr. System P165 is ejected from the star cluster with a speed of ∼ 5 km s −1 following a scattering event. During this scattering event, Uranus and Neptune are highly perturbed and are ejected from the system after strong interactions with Jupiter and Saturn. Although Jupiter and Saturn remain part of the planetary system, their eccentricities and inclinations have substantially increased, resulting in a delayed scattering event with Earth and Mars about three million years later, and an ejection of the both terrestrial planets. For the remaining simulation time, Jupiter and Saturn experience strong and chaotic exchanges of angular momentum, which may result in a merger or ejection events at later times. System P191, on the other hand, suffered a much weaker encounter and escapes the cluster intact with a speed of ∼ 2 km s −1 . We illustrate extreme cases of planetary system perturbations in Figure 13 . Both system shown in this figure experience a strong (periastron distance < 1000 AU) encounter with a neighbouring star. In the top panels, planetary system P024 experiences a with a neighbouring star of mass 0.87 M that disrupts most of the system. The k-parameter corresponding to the encounter is 85 for the planet Neptune, indicating a relatively high encounter strength.Although highly perturbed, the planet Jupiter survives the close encounter and obtains a wider orbit (a ≈ 11 AU), while Saturn, Uranus and Neptune are expelled immediately at t = 2.231 Myr. As the perturbed planet Jupiter attains a highly eccentric orbit (e ≈ 0.87), it interacts with both Mars and Earth, which are eventually expelled at 2.78 Myr and 3.61 Myr, respectively. Jupiter's wider orbit makes it more prone to perturbations by encountering stars, but it remains bound to its host star. Unlike system P194 (shown in the top panels of Figure 11 ), which remains intact, planetary system P024 is highly perturbed by the neighbouring star. Although the closest encounter distance for P194 (for P194) is somewhat larger than the 320 AU (for P024), the differences in dynamical outcomes are also determined by the large difference in the mass of the encountering stars, the presence of consecutive close encounters at similar times in the case of P024, the speeds at which the encountering stars approach the planetary systems, and the orbital phases of the planets during the encounter. These somewhat stronger perturbations in system P024 result in strong planet-planet interactions that ultimately result in the ejection of all but one of the planets from the system.
In the bottom panels, a passing star almost instantaneously destroys the entire planetary system P187. The close encounter at t = 16.581 Myr has a periastron distance of p ≈ 422 AU, and perturbs all the planetary system, resulting in the ejection of Neptune. A subsequent close encounter at t=16.71 Myr with a periastron distance of ≈ 490 AU eject all remaining planets within 2000 years. System P187 is a good example of a situation in which the expulsion of terrestrial planets is caused directly by the stellar encounter, instead of the more common indirect case in which a perturbed Jupiter is responsible for the ejections.
The complex interaction between planetary systems and Figure 11 . Left: evolution of the planetary semi-major axes and distance from the cluster centre (black curve). Right: evolution of the planetary eccentricities and distance to the nearest neighbour star (black curve). Results are shown for planetary systems P194 (top) in star cluster model C041E4 and P161 (bottom) in star cluster model C061E4. These two planetary systems both remain star cluster members. System P194 does not experience strong encounters and remains intact, while system P161 loses both Uranus and Neptune, approximately 35 Myr after a close encounter.
neighbouring stars and the gravitational interaction between the planets in each system results in a large diversity in evolutionary outcomes. The systems shown above illustrates the most common types of evolution, but represent merely a small subset of the observed outcomes. This demonstrates that even in the case where all planetary systems are formed with identical orbital architectures, the diversity among planetary systems in the Galactic field is large.
DISCUSSION AND CONCLUSIONS
We have carried out a set of comprehensive N -body simulations in order to characterise the dynamical evolution of planetary systems similar to our own Solar system in different star cluster environments. We follow the evolution of hundreds of planetary systems containing a Solar-mass star and six planets (Earth, Mars, Jupiter, Saturn, Uranus, and Neptune) and analyse their dynamical fates. Our main results can be summarised as follows:
(i) The star cluster environments affects planetary systems through the direct effect of stellar neighbours on planetary systems, and through the subsequent gravitational interaction between planets in perturbed planetary systems. The latter can result in planetary escape events or starplanet mergers immediately after the stellar encounter, or up to tens of millions of years later.
(ii) The large majority of encounters between planetary systems and neighbours stars is tidal, hyperbolic, and adiabatic in nature, although near-parabolic encounters also occur frequently. The effect of a stellar encounter depends on the planetary semi-major axis, the degree in which an encounter is adiabatic and the degree in which an encounter is tidal. The outermost planets in the system occasionally experience non-adiabatic and impulsive encounters that strongly perturb their orbits. Terrestrial planets, on the other hand are rarely directly affected by stellar encounters. Instead, terrestrial planets are primarily affected by Jupiter perturbations (iii) Most planetary systems remain stable as the star clusters evolve for 50 Myr, despite perturbations in the or- Figure 12 . Same as in Figure 11 , P165 (top) in star cluster model C061E4 and P191 (bottom) in star cluster model C051E4. Systems P165 and P191 both escape from the star cluster. System P165 is strongly perturbed during the ejection process, and loses several of its planets during and after it is ejected from the cluster with a speed of ∼ 5 km s −1 . System P191, on the other hand, suffers only from weak encounters, and is ejected intact with a speed of ∼ 2 km s −1 .
bital elements of the outer planets, while others are partially or completely disrupted.
(iv) Planetary systems that escape the star cluster with low speeds tend to remain intact, while those ejected with high speeds tend to be severely disrupted prior to, or during the interaction that led to the ejection from the star cluster. This suggests that our Solar system, if indeed it formed in a star cluster, left the star cluster with a comparatively low speed.
(v) Overall planetary escape rate (from their host stars) range from 0.3% to 5.3%. Escape rates tend to increase for denser star clusters, and for star clusters that are initialised closer to virial equilibrium. We do not find evidence for physical collisions between planets, while star-planet mergers rarely occur.
(vi) The probability that a planet remains part of its host planetary system depends strongly on the orbital architecture of the planetary system, and in particular on its semi-major axis and mass. In our simulations, in which we model Solar system analogues, we find that the retention rate increases to some extent with semi-major axis, while the dependence on planetary mass is also significant. The latter dependence is a result of planet-planet interactions, and hence a direct consequence the orbital architecture.
(vii) Due to its high mass, Jupiter often acts as a dynamical barrier in Solar system-like systems, protecting the inner planetary system from external perturbations. However, a strong perturbation of Jupiter itself may result in chaos in the inner parts of the planetary system. In low-density environments, Jupiter thus provides protection against perturbations in the outer planetary system, while in high-density environments, perturbations of Jupiter can easily result in the disruption of short-period planets in the habitable zone. Note that this result is model-dependent: planetary systems with different architectures have different survival probabilities for terrestrial habitable-zone planets.
(viii) Planetary systems in star clusters evolve differently depending on the frequency and properties of stellar encounters. After dynamical processing in the star cluster, the diversity of planetary system architectures is large, even for planetary systems with identical initial conditions.
Our study provides insights into how multi-mass, multiplanet systems evolve in star clusters. For simplicity we have Figure 13 . Same as in Figure 11 , planetary system P024 (top) in star cluster model C051E4 and planetary system P187 (bottom) in star cluster model C061E4. Both planetary systems are strongly perturbed by nearby stars, resulting in (near-)complete destruction of the planetary systems. At t = 50 Myr, system P024 only has one planet (Jupiter) remaining in a wide, highly-eccentric orbit, while all planets have escaped from system P187.
not included primordial binary stars in our star clusters. Binary systems have a substantially larger collisional cross section, and may therefore further contribute to the disruption of planetary systems. As the vast majority of stars, particularly the higher-mass stars, forms as part of a binary or higher-order multiple system (e.g., Shatsky & Tokovinin 2002; Kouwenhoven et al. 2005 Kouwenhoven et al. , 2007 Kobulnicky & Fryer 2007) , it is necessary to further investigate the evolution of planetary systems in star cluster that contain realistic binary fractions. Figure A1 . The first 5 Myr of planetary system P194 in star cluster model C041E4 (cf. Figure 11 ; top panels). None of the planets in this system experiences a significant perturbation from neighbouring stars, while planet-planet interactions are responsible for the secular evolution of the system. Figure A2 . Evolution of planetary system P161 in star cluster model C061E4 (cf. Figure 11 ; bottom panels). The top-left panel shows the semi-major axis evolution of the Uranus and Neptune, while the remaining three panels show the eccentricity evolution of Earth and Mars (top-right), Jupiter and Saturn (bottom-left), and Uranus and Neptune (bottom-right). In this system, perturbations in the orbits of Uranus and Neptune due to interaction with a neighbouring star perturb increase the eccentricities of Jupiter and Saturn, which in turn perturb the terrestrial planets. Both Uranus and Neptune are expelled at t ≈ 38 Myr, while all other planets remain bound. Figure 12 ; bottom panels). This planetary system escapes from the star cluster intact, with all planets in their original orbits (see also Figure A1 ). Figure A4 . Evolution of the semi-major axis and eccentricity Jupiter (red) and Saturn (blue) in planetary system P165 in star cluster model C061E4 (cf. Figure 12 ; top panels). This system loses all its planets during a close encounter at t ≈ 4 Myr, except Jupiter and Saturn. During this encounter, Uranus experiences a strong scattering event with Jupiter and Saturn, which obtain higher eccentricities and subsequently eject the terrestrial planets. Figure A5 . The first 5 Myr of evolution of planetary system P024 in star cluster model C051E4 (cf. Figure 13 ; top panels). This figure demonstrates how a perturbation in Jupiter's orbit (in red) affects the rocky planets (Earth in blue; Mars in green). Although Jupiter itself remains bound, its change in eccentricity of Jupiter destabilises Mars and Earth, which are both ejected from the planetary system approximately a half a million years later. Figure A6 . The evolution of planetary system P187 in star cluster model C061E4 (cf. Figure 13 ; bottom panels). This system interacts with two neighbour stars with that approach closer than 500 AU, within a time span of 0.2 Myr. The first encounter partially disrupts the outer planetary system, while the second encounter is responsible for the ejection of all remaining planets.
